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HIGHLIGHTS 


►  The  aligned  nitrogen-doped  carbon  nanotubes  (NCNT)  were  synthesized. 

►  NCNT  doped  from  melamine  and  urea  was  named  M-NCNT  and  U-NCNT,  respectively. 

►  M-NCNT  has  higher  nitrogen  content  and  more  defects  than  U-NCNT. 

►  M-NCNT  has  shown  better  ORR  performance  than  U-NCNT. 
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The  aligned  nitrogen-doped  carbon  nanotubes  (NCNT)  with  bamboo-like  structure  are  synthesized  via 
thermal  chemical  vapor  deposition  using  melamine  and  urea  as  different  nitrogen  precursors.  Mean¬ 
while,  ferrocene  is  used  as  catalyst  and  carbon  precursor.  The  resulting  NCNT  with  melamine  (M-NCNT) 
have  shown  superior  ORR  performance  in  terms  of  limiting  current  density  and  number  of  electrons 
transferred.  Further  characterizations  by  X-ray  photoelectron  spectroscopy  (XPS)  and  Raman  spectros¬ 
copy  illustrated  higher  nitrogen  content  and  more  defects  in  M-NCNT  compared  to  that  in  NCNT  with 
urea  (U-NCNT),  which  indicate  the  important  role  of  the  nitrogen  precursor  in  nitrogen  content  and 
structure  of  NCNT.  It  is  concluded  that  higher  nitrogen  content  and  more  defects  of  NCNT  lead  to  high 
performance  of  ORR. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  oxygen  reduction  reaction  (ORR)  is  one  of  the  most  crucial 
factors  determining  the  performance  of  a  fuel  cell  [1  ].  Highly  active 
catalysts  for  ORR  are  essential  to  optimize  the  performance  of  fuel 
cells  because  of  the  kinetic  sluggishness  of  ORR  [2—5],  Platinum- 
based  materials  have  long  been  investigated  as  active  catalysts  for 
ORR  [6-10],  nevertheless,  this  noble  metal  catalyst  and  its  alloy  can 
hardly  meet  the  demands  for  widespread  commercialization  of  fuel 
cells  because  of  their  sluggish  electron  transfer  kinetics  [11],  high 
costs,  limited  supply  [12],  and  poor  durability  [13].  Thus, 
nonprecious-metal  [14,15]  and  metal-free  catalysts  [4,5,16-18]  for 
ORR  have  attracted  enormous  interest  as  an  alternative  to 
platinum-based  catalysts. 

Recently,  nitrogen-doped  carbon  nanotubes  (NCNT)  have  been 
demonstrated  to  show  excellent  electrocatalytic  activities  for  ORR 
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[4,5]  because  of  their  unique  electronic  properties  originated  from 
the  conjugation  between  the  lone-pair  electrons  of  nitrogen  and  it 
electron  system  of  the  graphene  [19],  Generally,  NCNT  can  be 
prepared  by  thermal  chemical  vapor  deposition  (CVD)  of  nitrogen- 
containing  precursors  [4,5,16,20],  However  such  a  CVD  method  has 
still  suffered  from  some  challenge  so  far.  For  example,  high  flow 
rates  of  carrier  gases  (more  than  8000  seem)  will  give  rise  to 
uncontrollable  structure  and  unacceptable  cost  of  NCNT  [21,22]; 
while,  in  the  case  of  low  flow  rates  of  carrier  gases,  the  liquid 
carbon/nitrogen  precursors  can  not  be  fully  evaporated,  leaving 
behind  metallocene  residues  [16,23].  In  addition,  when  the  gaseous 
carbon/nitrogen  precursors  were  used,  the  valves  and  connections 
with  quartz  tube  furnace  could  be  seriously  corroded  [24],  Mean¬ 
while,  toxic  amine  precursors  contained  in  the  off-gas  can  pollute 
environment. 

This  paper  reports  a  modified  thermal  chemical  vapor  deposi¬ 
tion  method  with  two  heating  zones  to  grow  aligned  NCNT. 
Melamine  (M)  and  urea  (U)  as  different  nitrogen  precursors,  and 
ferrocene  (F)  as  carbon  precursor  and  catalyst  are  placed  in  the  low 
heating  zone.  Meanwhile,  in  the  high  heating  zone,  a  quartz  boat  is 
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Fig.  1.  SEM  images  of  (A)  M-NCNT  and  (B)  U-NCNT,  EDX  spectra  of  (a)  M-NCNT  and  (b)  U-NCNT. 


put  to  collect  the  NCNT  products.  The  difference  in  the  ORR  activity 
between  NCNT  grown  from  F/M  mixture  (M-NCNT)  and  F/U 
mixture  (U-NCNT)  will  be  discussed.  Furthermore,  the  effects  of 
different  nitrogen  precursors  on  the  nitrogen  content  and  the  ORR 
electrocatalytic  activity  of  NCNT  will  be  investigated  by  comparing 
M-NCNT  and  U-NCNT. 

2.  Experimental  methods 

2.1.  Synthesis  of  NCNT 

NCNT  were  grown  by  a  modified  thermal  chemical  vapor 
deposition  method.  Melamine  (M)  or  urea  (U)  as  solid  nitrogen 
precursor,  and  ferrocene  (F)  as  carbon  precursor  and  catalyst  were 
placed  in  the  low  heating  zone,  where  the  temperature  was  hold  at 
about  400  °C  greater  than  the  boiling  point  of  both  precursors  to 
ensure  full  evaporation  of  the  precursors.  In  the  high  heating  zone, 
where  the  temperature  was  kept  at  800  °C,  a  quartz  boat  was  put  to 
collect  the  NCNT  products.  The  whole  quartz  tube  furnace  was 
protected  by  N2  (99.99%)  at  a  flux  of  about  50  seem.  The  low  flow 
rate  of  carrier  gas  can  make  the  precursors  fully  react  in  the  high 
heating  zone  and  prevent  precursors  from  wasting.  Furthermore, 


corrosion  to  quartz  tube  furnace  and  pollution  of  off-gas  can  be 
avoided  with  this  method.  It  is  important  that  the  preparation  cost 
of  NCNT  production  is  acceptable.  Finally,  the  products  were  puri¬ 
fied  by  boiling  it  in  nitric  acid  for  5  h  and  were  dried  at  60  °C  in 
a  vacuum  oven  overnight. 

2.2.  Characterization  of  NCNT 

The  morphologies  of  the  NCNT  were  examined  using  EDX  (FEI 
Nova  400),  a  scanning  electron  microscope  (SEM)  (FEI  Nova  400, 
Peabody,  MA),  and  a  transmission  electron  microscope  (TEM) 
(Philips  TECNAI-20).  X-ray  photoelectron  spectroscopy  (XPS, 
British,  Kratos  Ltd.  XSAM800)  was  used  to  investigate  the  relative 
content  of  different  elements  and  the  intensity  of  different  nitrogen 
groups  in  the  NCNT.  Raman  spectroscopy  was  used  to  provide 
information  on  the  degree  of  structural  defect  of  NCNT. 

2.3.  Electrocatalytic  activity  evaluation  of  NCNT 

Electrochemical  measurements  were  carried  out  using  an 
Autolab  potentiostat/galvanostat  (Model,  PGSTAT-30,  Ecochemie, 
Brinkman  Instruments)  in  a  three-electrode,  i.e.,  Pt  wire  as 


Fig.  2.  TEM  images  of  (A)  CNTs,  (B)  M-NCNT  and  (C)  U-NCNT. 
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E/V  vs.RHE 


Fig.  3.  Cyclic  voltammograms  on  M-NCNT/CG,  U-NCNT  and  CNTs/CG  rotating-disk 
electrodes  in  0.1  M  KOH  solution  saturated  with  N2  or  02. 

a  counter  electrode,  a  reversible  hydrogen  electrode  (RHE)  as 
a  reference  electrode,  and  NCNT  as  a  working  electrode. 

3.  Results  and  discussion 

3.1.  SEM  and  TEM  analysts 

The  morphology  of  M-NCNT  and  U-NCNT  are  investigated  by 
means  of  scanning  electron  microscopy  (SEM).  As  indicated  in  Fig.  1, 


aligned  nanotubes  can  be  clearly  seen  in  the  cluster  of  M-NCNT 
(Fig.  1A),  but  the  morphology  of  U-NCNT  (Fig.  IB)  is  unordered. 
Energy  dispersive  X-ray  spectroscopy  (EDX)  was  performed 
simultaneously  with  SEM  imaging  to  ensure  the  major  element 
types  of  M-NCNT  and  U-NCNT.  EDX  analysis  shows  that  nitrogen 
has  been  doped  into  nanotubes  (Fig.  la  and  b).  A  more  detailed 
study  on  the  nitrogen  content  and  its  bonding  with  the  native 
carbon  atoms  by  X-ray  photoelectron  spectroscopy  (XPS)  will  be 
presented  later. 

The  structure  of  NCNT  is  observed  by  transmission  electron 
microscopy  (TEM),  which  shows  bamboo-like  structures  for  M- 
NCNT  (Fig.  2B)  and  U-NCNT  (Fig.  2C).  Fig.  2A  shows  TEM  images  of 
pure  CNTs  which  were  also  fabricated  with  the  above  mentioned 
method  without  participation  of  nitrogen  precursor.  It  is  typical  of 
the  nitrogen-doped  nanotubes  to  have  bamboo-like  structure  in 
TEM  images  [5,25],  Thus,  TEM  images  in  Fig.  2B  and  C  also  prove 
that  nitrogen  has  been  successfully  doped  into  the  structure  of 
nanotubes.  Differently,  M-NCNT  have  more  obvious  bamboo-like 
structures  than  U-NCNT.  It  can  be  explained  by  the  fact  that  more 
nitrogen  content  results  in  more  bamboo-like  structures. 

3.2.  ORR  activities  of  NCNT  in  alkaline  solution 

To  investigate  the  electrocatalytic  activity  of  NCNT  for  the  ORR, 
we  compared  the  electrocatalytic  properties  of  N-doped  nanotubes 
materials  (M-NCNT/GC  and  U-NCNT/GC),  and  the  non-nitrogen 
nanotubes  (CNTs/GC)  by  cyclic  voltammetry  in  an  aqueous  solu¬ 
tion  of  nitrogen-protected  or  02-saturated,  0.1  M  KOH  solution  at 
a  scanning  rate  of  50  mV  s  '.  As  shown  in  Fig.  3,  featureless  vol- 
tammetric  currents  on  the  NCNT/GC  in  a  potential  rang  of 
0  ~  +1.2  V  were  observed  for  both  M-NCNT  and  U-NCNT  in  the  N2- 
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E/V  vs.RHE 


Fig.  4.  Rotating-disk  voltammograms  recorded  for  (A)  M-NCNT/GC  and  (C)  U-NCNT/GC  in 
of  (B)  M-NCNT  and  (D)  U-NCNT. 
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saturated  solution  (black  curve  and  blue  curve);  on  the  contrary,  in 
the  02-saturated  solution,  the  reduction  current  appeared  at  0.76  V 
on  the  M-NCNT/GC  (red  curve),  and  0.72  V  on  the  U-NCNT/GC 
(green  cure).  And  the  M-NCNT/GC  has  shown  superior  ORR 
performance  in  terms  of  limiting  current  density.  It  can  also  be 
explained  by  the  fact  that  more  nitrogen  content  (according  to  XPS) 
results  in  superior  ORR  performance  in  terms  of  limiting  current 
density.  And  except  for  oxygen  reduction  peaks,  there  were 
multiple  peaks  in  the  cathodic  scan,  which  can  be  ascribed  to  the 
impurity  absorbed  on  the  electrode.  In  comparison  with  M-NCNT/ 
GC,  U-NCNT/GC  and  CNTs/GC,  the  electrocatalytic  activity  for  ORR  is 
only  observed  for  the  NCNT.  It  means  that  the  doping  of  nitrogen 
activates  the  CNTs  for  ORR,  indicating  a  promising  approach  to 
develop  a  metal-free  catalyst  for  ORR  which  can  effectively  reduce 
the  cost. 

To  further  determine  the  activity  of  NCNT  for  ORR,  we  investi¬ 
gated  the  reaction  kinetics  by  rotating-disk  voltammetry.  The 
rotating-disk  voltammetric  profiles  in  02-saturated  0.1  M  KOH 
shown  in  Fig.  4A-D  illustrate  that  the  onset  potentials  of  ORR  are 
approximately  0.88  V  for  M-NCNT/GC  and  0.83  V  for  U-NCNT/GC, 
respectively.  The  kinetic  parameters  based  on  Koutecky— Levich 
plots  (-j_1  vs.w-1/2)  can  be  obtained  through  the  following 
Koutecky-Levich  equations  [12], 


1 — hi  =  1-  +  - — j- 

]  K  J  L  JK  BO)' 2 

(1) 

0.62  nFC0(D0)%v% 

(2) 

--  nFkC0 

(3) 

Where,  j  is  the  measured  current  density;  j'k  is  the  kinetic-limiting 
current  density;  jL  is  the  diffusion-limiting  current  density;  w  is  the 
angular  velocity  of  the  disk  (w  =  2r.N,  N  is  the  linear  rotation 
speed);  n  is  the  overall  number  of  electrons  transferred  of  ORR;  F  is 
the  Faraday  constant  (F  =  96485  Cmol-1);  Co  is  the  bulk  concen¬ 
tration  of  02;  v  is  the  kinematic  viscosity  of  the  electrolyte;  k  is  the 
electron  transfer  rate  constant.  According  to  Eqs.  (1)  and  (2),  the 
number  of  electrons  transferred  (n)  and  jg  can  be  gained  from  the 
slop  and  intercept  of  the  Koutecky-Levich  plots,  respectively.  By 
using  the  values  Co  =  2.4  x  10_4molL_1,  Do  —  1.73  x  10-5cm2s-1, 
and  v  =  0.01  cm2s_1  in  0.1  M  KOH  [26],  n  was  calculated  (in  Table  1 ) 
in  a  range  of  0.60-0.70V.  It  is  clear  that  the  transferred  number  of 
electrons  of  M-NCNT  situates  between  3.7  and  3.9.  However,  the 
transferred  number  of  electrons  of  U-NCNT  situates  between  3.2 
and  3.4.  It  reveals  that  ORR  almost  proceeds  on  the  M-NCNT/GC 
through  a  four-electron  transfer  process  and  conducts  efficiently 
when  catalyzed  by  M-NCNT. 


3.3.  XPS  and  Raman  spectroscopy  analysts 

The  elemental  composition  and  different  structural  groups  of 
nitrogen  in  M-NCNT  and  U-NCNT  are  obtained  using  XPS  (Figs.  5 
and  6).  From  XPS  results,  M-NCNT  had  higher  nitrogen  content 
than  U-NCNT  (Table  2)  as  was  expected,  since  each  melamine 
molecule  contains  six  nitrogen  atoms  whereas  only  two  nitrogen 
atoms  are  present  in  each  urea  molecule.  Thus,  higher  ratio  of 


Electron  transfer  numbers  of  ORR  on  M-NCNT/GC  and  U-NCNT/GC. 

Potential(V)  0.60  0.65  0.70 

M-NCNT  Electron  number(n)  3.89  3.75  3.72 

U-NCNT  Electron  number(n)  3.35  3.24  3.26 


nitrogen  to  carbon  in  the  growth  environment  was  achieved  during 
nanotubes  synthesis  when  melamine  was  used.  This  result  is  in 
agreement  with  the  literature  which  claimed  a  positive  correlation 
between  nitrogen  content  in  NCNT  and  the  number  of  nitrogen 
atoms  in  the  precursor  molecules  [27], 

It  should  be  noted  that  oxygen  elements  were  detected  in  XPS 
(Fig.  5)  but  not  in  the  EDX  (Fig.  1).  This  is  mainly  because  that,  (1) 
the  depth  of  XPS  scanning  is  only  3—6  nm,  which  was  used  to 
analysis  the  surface  structure  of  nanotubes,  however,  the  depth  of 
EDX  scanning  is  micron  level  (far  more  than  6  nm),  which  was  used 
to  analysis  the  whole  structure  of  nanotubes;  (2)  oxygen  is  probably 
doped  or  absorbed  into  the  surface  structure  of  NCNT  while  the 
products  were  purified  by  boiling  it  in  nitric  acid  because  there  was 
no  oxygen  introduction  or  existence  in  the  whole  synthesis  of 
NCNT.  Thus,  the  content  of  oxygen  is  too  low  to  be  detected  by  EDX. 

From  the  analysis  of  the  N  IS  signal  (Fig.  6),  peaks  centered  at 
398.27,  400.45,  402.40,  and  403.94  eV  were  observed  for  M-NCNT. 
Similar  peaks  centered  at  399.03,  400.22,  402.06,  and  404.49  eV 


Binding  Energy(ev) 


Fig.  6.  XPS  spectra  showing  the  presence  of  different  types  of  nitrogen  groups  from 
the  N  IS  signal  of  M-NCNT  (red  line)  and  U-NCNT  (black  line).  (For  interpretation  of  the 
references  to  colour  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of 
this  article.) 


'  of  Power  Sources  215  (2012)  216-220 


were  observed  for  U-NCNT.  The  peaks  at  around  398.27, 400.45,  and 
402.40—403.94  eV  refer  to  pyridinic  nitrogen,  pyrrolic  nitrogen,  and 
pyridinic  N+— O-  groups  in  M-NCNT,  respectively.  Whereas,  in  the 
case  of  U-NCNT,  the  peaks  at  around  399.03,  400.22,  and 
402.06-404.49  eV  refer  to  pyridinic  nitrogen,  pyrrolic  nitrogen  and 
pyridinic  N+— O-  groups,  respectively.  It  is  concluded  that  M-NCNT 
contains  more  quaternary  nitrogen  than  U-NCNT  as  seen  in  Fig.  6.  In 
addition,  since  the  synthesis  of  NCNT  was  carried  out  under 
ambient  conditions,  the  reaction  between  oxygen  and  nitrogen 
during  synthesis  may  result  in  the  formation  of  pyridinic  N+-0” 
groups. 

Raman  spectroscopy  was  also  used  to  provide  information  on 
the  degree  of  structural  defect  of  NCNT  (Fig.  7).  For  M-NCNT,  the 
peak  centered  at  1305  cm”1  is  the  Raman  active  D-band  and  the 
other  centered  at  1596  cm”1  is  the  Raman  active  G-band.  The  D- 
and  G-bands  are  also  present  in  U-NCNT  centered  at  1305  cm”1  and 
1607  cm”1,  respectively.  The  D-band  is  ascribed  to  the  finite-sized 
crystals  of  graphite,  which  becomes  active  because  of  a  reduction 
in  symmetry  near  or  at  the  crystalline  edges  [28],  The  G-band  is  due 
to  the  E2g  vibration  mode  and  is  observed  in  all  sp2  bonds  in 
a  graphitic  network  [28],  The  intensity  ratio  of  the  D-  to  G-bands 
(/D//c)  gives  qualitative  information  comparison  for  the  degree  of 
defects  in  NCNT.  A  higher  /d//g  value  indicates  more  defects  pre¬ 
sented  in  the  nanotubes.  From  Raman  spectra,  the  1d/1g  ratios  of  M- 
NCNT  and  U-NCNT  are  3.83  and  2.58,  respectively,  indicating 
a  higher  degree  of  defects  in  M-NCNT  which  could  be  caused  by  the 
higher  nitrogen  content.  This  conclusion  is  consistent  with  the  TEM 
images  and  XPS  data.  With  respect  to  U-NCNT,  the  Raman  spectrum 


of  M-NCNT  showed  a  slight  downshift  of  the  G-band,  possibly 
caused  by  the  change  in  electronic  structure  of  NCNT  due  to  the 
higher  nitrogen  content  [29], 

4.  Conclusions 

In  summary,  we  demonstrated  the  synthesis  of  aligned 
nitrogen-doped  carbon  nanotubes  by  a  simple  and  cost-effective 
approach  with  two  heating  steps.  M-NCNT  show  acceptable  elec- 
trocatalytic  activity  for  oxygen  reduction  reaction  in  alkaline  solu¬ 
tion  compared  to  U-NCNT.  ORR  almost  proceeds  on  the  M-NCNT/GC 
through  a  four-electron  transfer  process  efficiently.  We  also 
investigated  the  fundamental  roles  of  nitrogen  content  and  thus- 
resulted  structural  defects  in  NCNT  in  the  ORR  activity.  It  is 
expected  that  the  aligned  NCNT  have  potential  applications  in 
future  fuel  cells. 
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